Abstract The Arctic is a highly seasonal environment with a harsh climate and extensive sea ice cover during the winter. Consequently, most Arctic-breeding seabirds migrate south to reach more benign environmental conditions. Knowledge of migration routes and wintering areas is integral for successful conservation of these globally important breeding populations. In this study, we deployed light-level geolocators on female common eiders Somateria mollissima breeding in Kongsfjorden, Svalbard, to track movements during the non-breeding season. We retrieved functioning loggers from 47 individual birds in 2009-2013 and mapped their migration routes and wintering areas. Thirty-six birds (77 %) wintered around the Icelandic coast and 11 (23 %) off the coasts of North Norway. Autumn migration took place between late August and late December, and spring migration from late March to late May. The migration (ca 1700 km to Iceland and 1300 km to North Norway) lasted for about 4 days in autumn and 3 days in spring. Later arrival resulted in later nest initiation, implying a carry-over effect of winter conditions on subsequent breeding. Birds that migrated to Norway departed later from Svalbard in autumn and consequently spent less time in the wintering area than individuals that migrated to Iceland. As just two countries, Iceland and Norway, appear to host all common eiders from Svalbard during the winter, the new information provided by this study on the core areas and timing of migration should provide the impetus for improved bilateral conservation management of this important Arctic breeding population of common eiders.
Introduction
Migration between wintering and breeding areas is a very common strategy in birds. In some species, all individuals from throughout the breeding distribution are migratory, whereas in other species, some populations are migrant and others are sedentary (Herrera 1978; Cramp 1992; Newton and Dale 1996; Tellería et al. 2001; Magnusdottir et al. 2012) . Moreover, even within populations or colonies, This article belongs to the special issue on the 'Kongsfjorden ecosystem -new views after more than a decade of research' coordinated by Christian Wiencke and Haakon Hop.
Electronic supplementary material The online version of this article (doi:10.1007/s00300-016-1908-z) contains supplementary material, which is available to authorized users. individuals may differ markedly in migration routes and wintering areas (Phillips et al. 2007; Egevang et al. 2010; Magnusdottir et al. 2012 ). These differences may reflect the colonization history of the species, where ancestral migration patterns of founders of differing provenance are maintained after colonization of new breeding grounds (Sutherland 1998) . Seasonal relocation may be related to avoidance of predation, seasonality in food resources, short day-length, harsh climate, increased parasites or a combination thereof. Since migration patterns may both be rooted in the evolutionary history of the species and shaped by these contemporary forces, it is revealing to uncover not only the wintering areas but also the timing of autumn and spring migration, and the consequences for individual fitness. For many years, protection of seabirds was largely focused on land, but in the modern era of large anthropogenic impacts on the marine environment, mapping of the winter ranges of seabirds is also clearly of critical importance from a conservation and management perspective. These hazards may be hunting, pollution, overexploitation of marine resources and climate change (Mitchell et al. 2004) .
Ring recoveries were, until recent decades, the traditional way of uncovering the migration routes and wintering areas of birds with known breeding origin. However, the effectiveness of this method is dependent on proximity to populated areas, and the high spatial and temporal variation in reporting rate. Migrations of species that are cryptic, small or that move to scarcely populated areas have therefore proven very difficult to study in this way. Seabirds were especially challenging, as most species return to land only during the breeding period. However, deployment of satellite transmitters since the early 1990 s, initially on larger birds, greatly improved our understanding of seabird migration (Phillips et al. 2007; Bugoni et al. 2009 ), as did the more recent development of light-level geolocators (geolocators hereafter) that can be carried by smaller species (Egevang et al. 2010; Frederiksen et al. 2012; Bustnes et al. 2013; Fort et al. 2013; Leat et al. 2013; Gilg et al. 2013) .
The common eider Somateria mollissima is a long-lived sea duck with a European breeding distribution that extends from the Netherlands to as far north as Svalbard and Franz Josef Land in the high Arctic. Common eiders feed benthically on mussels and other invertebrates, typically at depths of 0-6 m (Guillemette et al. 1993; Bustnes and Lønne 1997) , and therefore usually winter in coastal regions. Some eider populations (including those in the high Arctic) avoid the harsh northern winter climate by migrating south. In Svalbard, eiders preferentially breed on islets to avoid terrestrial egg predators (Mehlum 1991; Svendsen et al. 2002; Chaulk and Mahoney 2012) . The Svalbard population of eiders is estimated to be between 15,000 and 30,000 pairs, of which around 3000 pairs breed in Kongsfjorden on the north-west coast (Strøm 2006; Hanssen et al. 2013) . Ring recoveries suggest that common eiders from Svalbard winter off the coasts of Iceland and North Norway; four ringed adults from Svalbard have been recovered in Iceland, and three in northern Norway, and four birds ringed during winter in northern Norway were resighted in summer in Svalbard (Bustnes and Tertitski 2000; Bakken et al. 2003) . This implies migration distances of [1000 and [1500 km, respectively, for birds wintering in Norway and Iceland. With so few recoveries and unknown levels of observer effort, it is not possible to determine the fractions of the population that winter in each region, nor the timing of migration. Svalbard is very sparsely populated, and daylight is limited or non-existent from late November to early February, which makes it difficult to observe birds. However, a small number of females (adults or immature) seem to winter along the coasts of Svalbard, suggesting partial migration in this breeding population (G. Bangjord pers comm). Timing of return to Svalbard is also important, as the birds need to gain condition before reproduction; female common eiders do not eat during the ca 25-day incubation period and can lose up to 40 % of their mass, so the level of body reserves accumulated in the spring is of utmost importance for successful breeding (Parker and Holm 1990; Gabrielsen et al. 1991) . It is not known whether the Svalbard eiders gain their breeding condition in the wintering areas (sensu capital breeders) or after arrival at breeding grounds in spring. Visual observations suggest that common eiders return to Svalbard in April (authors' unpublished data), but individual variation in arrival dates, and how this affects laying date and other reproductive variables is unknown.
In this study, female common eider were tagged with miniature geolocators during the breeding season in Kongsfjorden, Svalbard, in 2009 , and loggers retrieved in the same areas in following summers (2010) (2011) (2012) (2013) . The purpose was to determine individual migration routes, timing of spring and autumn migration and the location of wintering areas. We related this to timing of reproduction to check for potential carry-over effects (Schultner et al. 2014 ), and we discuss potential implications for conservation management.
Methods

Field procedures
Adult female common eiders were captured on their nests using nylon nooses attached to a long fishing rod in Svalbard (Kongsfjorden, 79°N, 12°E) during June-July, 2009-2013. All birds were fitted with a geolocator (Mk9 or Mk15, weight 2.5 g; British Antarctic Survey, Cambridge, UK), which was attached to a drilled plastic ring with a cable tie, and fitted to the tarsus. The total weight including attachment was ca 5 grams (\0.3 % of average adult body weight). We deployed geolocators on 95 female common eiders over four years (N = 33, 16, 29 and 17 birds in 2009, 2010, 2011 and 2012, respectively) . A total of 48 birds (50.5 %) were recaptured, and data were successfully retrieved from all loggers except one (N = 47). Most birds were recaptured in the following breeding season, i.e. 1 year after deployment. Loggers retrieved from birds that were recaptured later had recorded data for more than one year. However, we included only the first year in these analyses to retain statistical independence, and this analysis focuses on variation among individuals in migration strategies.
Data analyses
Statistics
All statistical analyses were conducted using SAS statistical software version 9.3 (SAS Inc. 1999). Analyses were done with the GLM (general linear models) procedure. Values are presented as mean ± SE.
Twilight events and calibration
The geolocators measured light intensity at 60 s intervals and recorded the maximum in every 10-min interval. We used the software BASTrack (British Antarctic Survey; Fox 2010) to inspect daily light curves and determine timing of twilight events (dusk and dawn) using a light threshold of 10 (arbitrary unit). Due to the 10-min recording interval, dusks were advanced by 9 min (Fox 2010) . Further processing and calculations were done with the GeoLight package in R (Lisovski and Hahn 2012; R Development Core Team 2014) . Twilight events were filtered for outliers using the loessFilter function (k = 1.5), except during the migration periods between Svalbard and the wintering area when there were sudden changes in the timing of twilight events. Geolocation provides two locations every day, and we derived latitude from day or night length, and longitude from the timing of local midday or midnight. These positions were calculated using the coord function, specifying a sun elevation angle determined individually for each geolocator, which averaged -3.3°( range -2.15 to -4.4).
For calibration, we combined two methods to determine the appropriate sun elevation angle. First, we performed in-habitat calibration during a winter period. This was useful because common eiders are benthic feeding sea ducks and remain close to the coast, except during migration to wintering areas. We calculated the average longitude for the period 5 Jan-15 Feb and obtained the latitudes of candidate coastal locations (Online Resource 1). We chose this period because all the common eiders had then arrived in their wintering areas and were relatively stationary. For a straight, east-west-oriented coastline, there is only one possible latitude, whereas there may be more than one alternative if the coastline is complex and includes large bays or islands (Fig. S1 ). For these candidate locations, we used the getElevation function to calculate the appropriate sun elevation angles. This approach is not possible for a long north-south-oriented coastline, because there is a large range of possible latitudes. Instead, we calculated positions using a series of sun elevation angles from -1°to -6°and produced plots of latitude as a function of date for each sun elevation angle (Online Resource 2). This provided a useful tool for assessing the fit of the sun elevation angles over the entire year. Specifically, we assessed how the latitudes matched before and after equinoxes, to west Svalbard and the breeding colony in autumn and spring, and to the candidate calibration sites during winter (Online Resource 2). We also attempted to use a third calibration method, the HillEkstromCalib function, for the same winter period; however, this substantially increased the variation in sun elevation angles, and the calculated positions did not match the coastlines as well as those obtained from the in-habitat calibration.
Smoothing and calculations
Raw positions obtained by geolocation have relatively low accuracy, with a mean error of c. 200 km in albatrosses (Phillips et al. 2004) . Raw positions also exhibit a typical noon-midnight zigzag pattern in latitude due to east-west movements, and to lesser extent in longitude due to northsouth movements. In order to reduce the influence of inaccurate positions and compensate for movements, we used a double smoothing procedure adapted from Fox (2015) and Phillips et al. (2004) . Initially, this involved averaging noon-midnight and midnight-noon paired latitudes and longitudes, respectively, equivalent to the 'two point moving average' procedure in the software Intiproc (Migrate Technology Ltd, Cambridge, Fox 2015) . The second step was to calculate a two point moving average over these smoothed positions using spherical trigonometry. Distances from smoothed positions to the breeding colony were calculated as great circle distances assuming a spherical earth. Latitudes are unreliable around the equinoxes, and for all tracks, we excluded locations during the periods of 10 September to 18 October, and 20 February to 5 April, and, in individual cases, additional locations if latitudes were clearly unreliable on visual inspection.
We calculated kernel densities and kernel contours (25, 50 or 75 %) using the adehabitatHR package in R (Calenge 2006) . We wanted to reveal the core areas used by the population in both the wintering areas and at Svalbard, and accordingly, kernels were calculated separately using 73°N as a simple separation criterion. The appropriate degree of smoothing was determined by least-square cross-validation for each area (h = 0.6 for Svalbard, and h = 0.4 for wintering areas). We also calculated 50 % kernel contours for each bird to illustrate the distribution of individual core wintering areas. Finally, we present locations of winter ring-recoveries of breeding female common eiders ringed in Kongsfjorden since 1967, using the database of the Norwegian Ringing Centre (Museum Stavanger) with recent recoveries not previously published (Bakken et al. 2003) .
Timing
Arrival and departure dates were obtained from the geolocation data for all birds at wintering areas. When departure or arrival at Svalbard was during constant daylight or darkness, we estimated the dates from the average time spent on migration by all birds that used the same wintering area, and the corresponding arrival or departure dates in the wintering area for that individual. We used the light data from the loggers to estimate the date of laying of the first egg; common eiders start incubating one or two days before clutch completion (Hanssen et al. 2002) , and the light data showed a corresponding pattern of shading (Online Resource 3).
Results
Spatial patterns
Locations during the non-breeding period were obtained for 47 female common eiders (25, 6, 12 and 4 tracked in winters 2009/2010, 2010/2011, 2011/2012 and 2012/2013, respectively) . The female common eiders exhibited two distinct migration directions from Svalbard, towards the coasts of Iceland and Norway, respectively (Fig. 1a-c) . The core wintering areas were east Iceland and North Norway (Fig. 1b) . The core area used in Svalbard during the early and late non-breeding season was west Spitsbergen. Thirty-six (77 %) of the female common eiders wintered in Iceland and 11 (23 %) in Norway (Fig. 1c) . Individual core wintering areas ranged from northwest to southeast Iceland, and from Central Norway to Troms in North Norway (Fig. 1c) . A total of 1507 female common eiders have been ringed in Kongsfjorden since 1967, and only 10 were recovered outside Kongsfjorden, including six in Iceland, three in North Norway and one in the Faroe Islands (Fig. 1d ). They were all found dead during winter, with three caught in fishing nets.
The migration distance was longer to Iceland than Norway (Fig. 2) , with median distances from the colony to these wintering areas of 1724 km (range 1613-1895 km) and 1303 km (range 1089-1732 km), respectively. Migration routes were unavailable for birds that travelled during the polar night or in constant daylight (Fig. 2) , and hence, only three tracks were obtained to Norway (Fig. 1a) . The birds usually migrated directly, using the shortest route to the wintering area (Fig. 1a, Fig. 2) . One track to Norway that suggested a possible easterly detour in the Barents Sea should be interpreted with caution because of the low accuracy of geolocation and the small number of positions (three). Furthermore, positions over land or offshore during the non-migratory periods reflect the inherent error in geolocation (Fig. 1a ), since common eiders are then always located at the coast.
Timing of migration
Eiders started the autumn migration on average on 24 October (Table 1) ; however, the range was large, from late August to late December (Table 1) . There was no significant difference between years in departure date (F 3,42 = 1.25, P = 0.30). Birds spent about four days on the autumn migration, and on average 176 days at the wintering area before returning to Svalbard (Table 1 ). The length of the period spent at the winter area did not differ between years (F 3,41 = 1.44, P = 0.24). Most eiders left the wintering area in late April (range late March to late May; Table 1 ). Departure date did not differ between years (F 3,41 = 0.68, P = 0.57), and the spring migration tended to be somewhat shorter than autumn migration (Table 1 , F 1,47 = 3.52, P = 0.067).
Wintering area affected timing of migration. Common eiders wintering in Iceland departed 35 days earlier from Svalbard than those that wintered in Norway (Fig. 3a) (F 1,44 = 14.86, P = 0.0004). Furthermore, birds that migrated to Iceland stayed away for 27 days more than birds that migrated to Norway (Fig. 1) (F 1,43 = 5.83, P = 0.02). However, there was no difference in spring departure date from wintering areas in Norway and Iceland (Fig. 3c ) (F 1,43 = 1.57, P = 0.22). There was no difference in the estimated date of the first egg between birds that had wintered in Iceland and Norway (F 1,41 = 0.26, P = 0.61). However, birds returning later from either region tended to start breeding later than those that returned sooner (Fig. 3f) , (F 1,41 = 3.37, P = 0.07). The time from spring arrival until egg-laying (breeding) tended to be shorter for the birds arriving from Norway (F 1,41 = 3.46, P = 0.07, mean time Norway 40 ± 4 days, n = 11, Iceland 49 ± 2, n = 33). Birds spent on average 47 days in Svalbard before starting breeding (Table 1) .
Discussion
This is the first study to track the migration of common eider ducks from Svalbard. All birds from this breeding population wintered on the coasts either of North Norway (23 %) or Iceland (77 %). Regardless of destination, the tracked birds left Svalbard between late August and late December in a directed migration to the wintering grounds, where they remained for 100-250 days, and departed for the return migration to the colony between late March and late May. The time spent in the wintering area and the date of the autumn migration differed between the two wintering areas. There was no apparent carry-over effect of wintering area on subsequent migration or reproduction, as spring arrival or timing of egg laying did not differ. Late arrivals in spring, however, tended to start egg laying later in the season. The travel time between wintering and breeding areas was relatively short (1-7 days). This is expected as eiders feed on mussels in coastal areas and prefer to forage at depths of 0-6 m (Guillemette et al. 1993; Bustnes and Lønne 1997) , so there are limited feeding opportunities in the area of mostly deep water between Svalbard and the wintering areas. There are two islands close to the migration corridors-Jan Mayen (71.0°N 8.5°W) and Bjørnøya (74.5°N 19.0°E)-but the tracking data provided no indication that either was used as a stopover site for many days.
In general, the eiders started egglaying 6-7 weeks after spring arrival in Svalbard. This is somewhat longer than the 3 and 4 weeks pre-breeding period reported for birds from Greenland and Canada, respectively (Mosbech et al. 2006 ). The birds from Greenland and Canada spent much longer on the migration itself, but in contrast to eiders from Svalbard, they probably have more opportunities to forage at stopover sites during the spring (Mosbech et al. 2006) . Other reasons for the long pre-breeding period in Svalbard may be related to resource availability, as the preferred food for eiders at other sites, blue mussels Mytilus edulis, have become established only recently in Svalbard because of higher sea temperatures, and the density remains very low (Berge et al. 2005) . When in Svalbard eiders seem to rely on other bivalves, Hyas and the amphipod Gammarellus homari for food (Lydersen et al. 1989 ). The birds do seem to require some time in Svalbard before breeding, as arrival date tended to correlate with date of laying. There was surprisingly high variation in the departure dates from Svalbard in autumn (late August-late December), with some birds leaving unexpectedly late (November and December) despite the lack of daylight. Such late departure might be energetically costly, depending on their foraging efficiency in poor light conditions, and any additional thermoregulatory costs associated with low winter temperatures and higher winds. Low ambient temperature and low sea temperatures have been shown to increase thermoregulatory costs in common eiders (Gabrielsen et al. 1991; Jenssen et al. 1989) . On the other hand, Svalbard is virtually devoid of predators of eiders at this time of year, although glaucous gulls Larus hyperboreus, which kleptoparasitize the duck, may still be present (Varpe 2010 ; own unpublished data). We do not know whether the delayed departure results from some constraint or reflects favourable foraging opportunities under low predation risk. It could relate to whether females have bred successfully, as females still with a brood may have to spend longer in Svalbard before they leave for the wintering areas. Late autumn storms could also potentially delay the opportunity for departure, as long-distance flight against the prevailing wind is costly for migrants. The individuals that left Svalbard late in the autumn were mainly destined for Norway. This may suggest that environmental conditions in the wintering areas, perhaps related to food availability or predation pressure may modulate the decision to stay or depart. In addition, sea ice conditions also determine whether the coastal areas are open and available as foraging habitat for common eiders in Svalbard. Sea ice usually does not form on the west coast of Svalbard until after November and may persist until April and May (Moe et al. 2009; Prop et al. 2015) . Hence, if eiders are in areas with sufficient food, they are not severely constrained by sea ice until December in most years. Regardless, most female common eiders experience more challenging sea ice conditions upon arrival in spring compared to before departure in autumn.
The proportions of tracked birds from Kongsfjorden that wintered in northern Norway (23 %) and Iceland (77 %) were broadly in line with the recovery pattern of birds ringed in the same breeding area. However, there was one ring-recovery of a female eider in the Faroe Islands in 2014, whereas none of the tracked birds wintered there during [2009] [2010] [2011] [2012] [2013] . Whether this record represents a rare vagrant or a third migration direction of the Svalbard population is therefore unknown, particularly as the sample of ring recoveries was low (10 of 1507 ringed birds, 1967-2015) . Regardless, the larger sample size of birds tracked with geolocators provides a better indication of the distribution of common eiders during the entire nonbreeding season and the timing of their movements.
There were several other aspects of migration strategies that depended on where birds spent the winter. Birds that migrated to Norway stayed for about a month longer in Svalbard before the autumn departure for the wintering area. We can only speculate as to the explanation, especially as those birds had shorter distance to travel so it seems not to relate to the need to recover greater body reserves after breeding before starting on a more arduous journey. One consequence of this late departure is that birds that travelled to Iceland spent about a month longer in the wintering area.
The existence of two distinct wintering areas is intriguing with regard to the origin of the Svalbard population of common eiders. These birds belong to the high Arctic S. mollissima borealis subspecies, as do the eiders breeding in Iceland. The eiders breeding in northern Norway, however, belong to the nominate subspecies S. mollissima mollissima, which breeds from northwest Europe to Novaya Zemlya (Del Hoyo et al. 1992) . We suggest that the Svalbard eiders may therefore originate both from the western European S. mollissima mollissima and the Arctic/ Icelandic S. mollissima borealis subspecies, which could be tested genetically. Eiders form pairs during winter, and the male follows the female to her breeding colony (Spurr and Milne 1976; Swennen 1990) , and it is possible that males from northern Norway and Iceland form pairs with wintering females from Svalbard, leading to genetic exchange between subspecies and populations.
Implications for conservation management
The results from this study indicate that two countries, Iceland and Norway, host the population of common eiders from the Svalbard breeding population during winter. Long-term data from Kongsfjorden indicate that the common eider breeding population in Svalbard is stable , potentially reflecting good environmental conditions in both the breeding area and the wintering areas. However, the breeding population in North Norway has declined dramatically during the last 15 years (Fauchald et al. 2015) , and there are some indications of recent declines of the breeding populations in Iceland (Jónsson et al. 2013) . If those declines are related to deterioration of feeding habitat quality or other environmental conditions during winter, winter survival of the Svalbard breeding birds may be at risk.
The tracking data highlighted both the core areas used during winter and the time periods that birds are present. Such knowledge provides a key basis for instituting some degree of legislative protection and bilateral conservation management. Furthermore, in Iceland, the birds from Svalbard mix with Icelandic eiders (Gardarsson 2009; Jónnsson et al. 2013 ) and eiders breeding in East Greenland (Mosbech et al. 2009 ). In North Norway, they mix with Norwegian eiders and probably some Russian eiders (Bakken and Anker-Nilssen 2012) . Hence, it is also important to manage eider winter populations on a circumpolar scale (CAFF Circumpolar Seabird Working Group 1997).
The winter home ranges of individual birds were smaller than that of the entire population (Fig. 1) . For environmental threats affecting a smaller area than the entire winter distribution of the population, risk of exposure will differ among individuals. Furthermore, threats in the core areas will potentially affect more individuals than in the outskirts of the distribution. The predictability of such risk assessments, however, depend on the degree of individual consistency in migration strategies and area use across years (Phillips et al. 2005) , which remains to be established for eiders.
Iceland hosts the largest proportion of the Svalbard population, but management decisions in both countries will affect its future. For example, eiders are protected from hunting in Iceland, while Norway allows it. However, this is only in the south of Norway, which is outside the current wintering range of the Svalbard population. Common eiders are vulnerable to many other anthropogenic threats, including climate change, gillnets, mussel fisheries, oiling and persistent organic pollutants (Bustnes et al. 2010; Jónnsson et al. 2013; Fenstad et al. 2014; Fox et al. 2015) . Coordinated international conservation measures are important, since Arctic-breeding seabirds depend on safe flyways and the safeguarding of wintering areas on large spatial scales (e.g. Frederiksen et al. 2012; Fort et al. 2013; Gilg et al. 2013 ).
